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Dark Matter (DM): what, why, and how

Map where it is with gravity; test what it could be with gamma rays

® Dark Energy 68.3% @ Dark Matter 26.8% Ordinary Matter

GRAVITATIONAL EVIDENCE FOR DARK MATTER unknown.

WHAT is dark matter?

A non-luminous, gravity-only form of matter. It does not emit,
absorb, or scatter light, and its microscopic nature remains

WHY does it matter?

.. * Velocity' (km/s)
7 (2 . [=]

Cosmological abundance: DM makes up ~27% of the total

energy content of the Universe, and ~85% of all matter.

Galaxy rotation curves Gravitational lensing
Stars orbit too fast at large radii Light bent by unseen mass

HOW do we know it is there?

The evidence comes from several observations: galaxy
rotation curves, gravitational lensing, galaxy cluster, and the
large-scale distribution of galaxies.

| . Visible matter alone is not enough!
Galaxy cluster collisions

DM passes through (blue); gas collides (pink)



Outline

¢ DM candidates and indirect searching
® Motivation: probing DM across scales
® |arge scales: weak lensing x gamma rays

® |ocal scales: study ultra-faint dwarf galaxies (UFDs) and the their survey
selection effects

® Bridging scales for DM searches
® (Conclusions



Theoretical frameworks: WIMPs and indirect searching

Mass scale of dark matter

(not to scale)

QCD axion WDM limit unitarity limit

102eV i keV V__100Tev My 10 Mo
<_| _I_ \ _I__>

““Ultralight” DM “"Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) blaCk hOlGS

.
_

non-thermal dark sectors

bosonic fields sterile v

can be thermal Credit: Lin 2019 arXiv:1904.07915

o \Weakly Interacting Massive Particle (WIMP) is a well-motivated DM candidate

o “WIMP miracle”: the natural annihilation rate during thermal freeze-out predicts a present-
day DM density matches cosmological observations



Theoretical frameworks: WIMPs interactions & indirect searching

Indirect searches look for Standard Model particles
produced by DM annihilation or decay.

\

AGNs, SNRs, GRBs... 4V

Gamma rays -
They point to their sources, but they

can b absorbed andare create by e Annihilation: annihilation cross-section
muitipie emission mecnanisms.
—-26 3.—1
<aannv> ~3X 107 cm’s

e Decay: decay rate (lifetime)
[~ 10728 - 10720 57!

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

air shower

They are charged particles and
are deflected by magnetic fields.

»

X Credit: IceCube Collaboration




Motivation: probing WIMP DM across scales

If WIMPs annihilate or decay, where should we look for gamma-ray signatures?

Large-scale structure Local substructure

Cross-correlate mass tracers with gamma-ray emission Find and characterise DM-dominated targets

Weak lensing
traces projected mass

Why ultra faint dwarf satellites?
nearby, faintest, DM-dominated

GC halo

Unresolved Gamma-Ray

Background (UGRB)

contains the potential signal from
WIMPs interaction

Galactic Centre

Better target lists improve indirect

searches
xtragalactic .
e more & better-characterised dwarfs

Cross-correlation Gy custer
Y i tighten the DM properties constraints

gamma-ray maps should trace the
t = same large-scale structure as the
Credit: Millennium-XXL projected mass

Galactic diffuse

=
7

Credit: Q.D. Wang; DSS2; Fermi LAT Collaboration; STScl

Cosmological statistics + local target discovery — reliable indirect DM searches



Large-scale

Large-scale DM searches: Weak lensing as a mass tracer

Small coherent distortions of galaxy shapes reveal the projected mass distribution

Gravitational lensing: The light from distant galaxies is slightly deflected by the matter distribution along
the line of sight.

Why weak lensing? Direct map of the mass distribution

Strong lensing



Large-scale

Data: KiDS-Legacy & weak lensing

e \Vide-field optical weak-lensing survey

® 1350 deg? total, 967.4 deg? effective area with ~41 million galaxies

® Excellent image quality: mean r-band seeing ~0.7"

® Multi-band photometry (9+1 bands) + calibration data for robust photo-z and tomography

Credit: KiDS Collaboration 3



Large-scale

Data: Fermi Large Area Telescope (LAT)

® Space-based gamma-ray telescope, since 2008 | commasys B

They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

® Energy range: ~20 MeV to >300 GeV
e |deal for diffuse GeV gamma-ray mapping

e Complementary to ground-based telescopes:

Neutrinos
They are weak, neutral
particles that point to their

e ground-based: very-higher-energy air-shower detection | Soutces and cary Informatior

from deep within their origins.

air shower

Fermi-LAT: wide-field, uniform sky coverage Crodit leeCube Collabortion




Large-scale DM searches: weak lensing x gamma rays

Large-scale

If DM contributes to the gamma-ray background, its signal should be statistically correlated with the mass distribution

Unresolved Gamma-Ray
Background (UGRB)

C'redit:» Wiki corratation fu nction

frequency

separation

Two-point correlation

Statistical inference

Measured C, (UGRB x WL)

Two-point angular cross-power spectrum
from data

!

Model prediction
DM annihilation / decay + astrophysical
backgrounds

Likelihood fit
Vary the DM parameter and find the model

most consistent with the measured C,

!

DM constraints

upper limits on <Gannv> or I 4oc

10



Large-scale

Result: cross-correlation measurements

Black for E-mode
Red for B-mode

e Six tomographic bins (weak lensing)

e Ten energy bins (UGRB)

(L +1)/2m C3

200 460 720 980 12401500
[

® No significant signhal detected

11



Large-scale

Result: cross-correlation measurements
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Large-scale
Results: constraints on DM parameters
No significant signal = How large the DM contribution is allowed by the data? — 95% upper bounds

10721 ¢ 10-22
—— This work, WL x y-ray 95% C.L. (Cosmo) N —— This work, WL x y-ray 95% C.L. (Cosmo)
\ —— Euclid Forecast : N —— Euclid Forecast
10—23 - \
-~ | RN
,z’ : \\
IceCube 9,03/0«61. (GC) 10-24 : \\\ [C@Q,
e T ' S~ e
| - SN e
Y 1 n-25 S, g
'—L'J 10 ] SQ GC) N W
-~ %
L - > 0 CL :
— _ N~ ‘
10 3 Galaxy x y-ray 95% C.L. (Cosmo) TSy 9Sp )
_________ L
Thermal relic (2012) 1027}
THT™ | THT™
101 102 103 104 101t 107 103 104
mpwm [GeV] mpwm [GeV]

Upper bounds on the WIMP annihilation cross-section <0a v> (left) & decay rate I'.. (right) for the 777~

nn
state, compared to constraints from local probes.

GC: Galactic centre; dSph: dwarf spheroidal galaxies; Cosmo: cosmological probe.

The forecast uncertainty is reduced by roughly a factor of ~2-4 compared with the current KiDS case.
12



Local substructure: Ultra-Faint Dwarfs (UFDs)

DM-dominated systems, but observationally incomplete

WHAT ARE UFDS? WHY IS THE CENSUS INCOMPLETE?

-y | _ LaevenS 1 : I T T T | X T T | ' ' ' |
' L i Photographic Digital
60 |- surveys surveys
! !

50

40 -

" . Credit: HST/WEFC _

30 -

Confirmed/candidate Milky Way dwarf galaxies

I o
I Q{b‘“ ]
& S S $
< N > i
10} N o 3 - :
B < &
: o ~ & ]
: Credit: Simon, 2019 -
O ] I | | 1 I 1 1 1 l 1 | 1 I Il 1 | ]
1940 1960 1980 2000 2020

Year

Credit: NASA/ESA/T.Brown [l .~ .. * . .. . Créd: DES, Bechtol

The observed population is selection-limited
DM-dominated with highest known M/L ratios Faint, diffuse, or distant systems are difficult to be found — the
® (leanest targets for indirect DM searching, old census is far from complete!

and metal-poor

® Local tests of ACDM substructure predictions Observational selection function



UFDs selection function: image-level injection-recovery simulations
Testing what KiDS could actually detect - as a case study

Catalogue-level Mock satellite to
5 S Inject the mock stars Apply photometric
Idealised: based on source €t Synthe C to source catalogue errors
stellar population
extracted catalogue
Image-level Star-galaxy
8 Mock satellite source 7 separation
to get synthetic Inject into KiDS- S
stellar like images oh .
population With SKiLLS ImSim otometric ~. Cross-match

measurement with input

Sample mock satellites with parameters:
M, - stellar mass (M)

1y, - half-light radius

~20,000

mock satellites injected

d - heliocentric distance

Detect injected

satellites with

matched-filter
searching method

Detect injected

satellites with

matched-filter
searching method

Detectability: Recovery fraction in each parameter bin
-> KiDS image-level selection function P, (M, r;, d)

14



Local substructure: UFDs detection efficiency & selection function
A realistic selection function is essential for interpreting the satellite census and indirect-search target samples.

Detection

efficiency map
For distance [100, 215] kpc

\
> d[100.0, 215.4]
AZ_
@)
o
Z__ Leo V
=
S
— 1_
%0 8 6 4 -2 0
My

Simulation type

® |mage-level, ideal star selection

1.0

-0.8

I i)
O |
- e 4

o
h Al
Detectabilitf

0.2

0.0

o &

Reality check: Sextans Il
Discovered within the KiDS-DR4 footprint

.....................................

—16 | : o
%1 Credit: Gatto et al., 2024
| 1800
=14 |
| 1600
—12 |
| 1400
: s 'ﬁ_. . 7 . | o 8“
-8 |, CEei, o /it 1000 &
e | A RAABA | al
—4 '_ nid
| L 400
~2 | -_
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log 1y, [pc]

Catalogue-level 71.3%

Image-level, ideal stars 48.7%

Image-level, realistic SG
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Large-scale x Local-scale

Bridging scales for DM searches and outlook

QCD axion WDM limit unitarity limit

10\, kel GeV—10Tev My 10 M,
] B t —+—  WIMP annihilation & Decay

““Ultralight” DM ""Light” DM WIMP Composite DM Primordial

Gamma-ray sighature

Large-scale structure Local substructure
Mass tracer x UGRB Identify and calibrate DM-rich targets

What DM cannot be ‘ Where we should actually look

A KiDS-Legacy WL x Fermi-LAT UGRB . _ ldentify new UFD targets and
Constrain <6 V> &I, . :J Reliable DM inference |

ann

quantify selection effects in KiDS

Tighter cosmological cross-correlation T Bias-corrected mapping of faint satellite population

Upcoming wide-field surveys: larger
coverage and better data quality

16



Conclusion

RESULT 01

Cosmological scale
KiDS-Legacy x Fermi-LAT

RESULT 02

Local scale
KiDS UFDs detection efficiency

e No significant UGRB x WL signal was detected
e Upper limits on WIMP annihilation and decay

e Fuclid-like forecast: 2-4x tighter constraints

Complementary to local target-based constraints.

e (atalogue case matches the results from
previous study;
® |mage case shows an overall lower detection

efficiency for small satellites at distances >
100 kpc

Important for satellite census for indirect DM searches

OUTLOOK
Future

Better data, better modelling, better simulations

Future searches will benefit from:
® Larger and deeper surveys

® |mproved foreground and systematics
modelling

® More realistic image-level simulations

< Stage-lV surveys > < systematics >

e .. alternative DM
real-tile injection :
candidates

Method improvements can extend beyond
WIMPs to broader DM scenarios

17
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Theoretical frameworks: WIMPs interactions & indirect searching

Indirect searches look for Standard Model particles

y / Gamma-rays

produced by DM annihilation or decay. y W-Zlg
WIMP Dark Vi
Matter Particles }T’<"u"e Credit: Baltz et al. 2008
AGNs, SNRs, GRBs... / * \ ECM~1 00GeV _ T
X W*/Z/g et X Y

black
holes

They are charged particles and
are deflected by magnetic fields.

»

Gamma rays

can be absorbed and are created by
multiple emission mechanisms.

Matter Particles

\ »
. \Ve Ecpm~100GeV \Y
e 1 X

+ a few p/p, d/d
Anti-matter

They point to their sources, but they \7‘:- Neutrinos WIMP Dark
L

Continuous spectra monochromatic line

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

e Annihilation: annihilation cross-section
<aannv> ~3x107%° cm’s™!

air shower

e Decay: decay rate (lifetime)
[~ 10728 10720 g7

Credit: IceCube Collaboration
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Large-scale DM searches: weak lensing x gamma rays

If DM contributes to the gamma-ray background, its signal should be statistically correlated with the mass distribution

Foreground
diffusion mask

Statistical inference

N Measured C, (UGRB x WL)

Two-point angular cross-power spectrum
from data

l

Model prediction
DM annihilation / decay + astrophysical
backgrounds

Likelihood fit
Vary the DM parameter and find the model

most consistent with the measured C,

l

DM constraints

frequency

separation

upper limits on <0annv> orl ..

e a B Two-point correlation
UGRB 21



Model: Weak lensing tracer

Source galaxy

Lens to observer distribution

P o -
(1+2) 72) [ dz,)((z) x(2)
. x(Z)

R |

!

3H*Q
ch (Z) _ 0=*M

n(z’)

Level of gravitational Lensing geometry: giving a
potential caused by lens at z, how many sources
matter overdensity can be lensed by it

0.25
z:0.10-0.42
— 7:0.42 - 0.58
20¢r
0.20 z:058-0.71
—_— 7:0.71 - 0.90
0.15¢ { —— 2:0.90-1.14
~ z:1.14 - 2.00
< 0.10F z: 0.10 - 2.00
0.05¢ /
Vi A NN
0.00 === S \&;
le—5
3.0
2.5+
- 2.0¢
=
— 1.5}
N
> 1.0t
0.5-/ \
0.0F

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
Redshift 2
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Model: DM annihilation & decay

<P12)M Mina dn p2(X| M, 2)
A%(z) = — = J dM —M, 2) |1 + b (M, 2)| X "d3x —
PbdM M, dM [ i ] Pbm
e Annihilation:
(QpmPe)” {Gann? dN,
W, (z,E)= ow/e)” (i >(1 + 2’ A%(2)—2[E(1 + 2)]e kU042
dr 2mdy, dE
® Decay:
@) I';,.. dN 20075
P _ —— Decaying DM
ng (Z, E) — DMPe _ dec dec [E(l + Z)]e rlzb(1+2)] — 1757 —— Annihilation - LOW
= 4r Mpm dE . 1500 —— Annihilation - MID
7 —— Annihilation - HIGH

e Astrophysical sources: W, (z,E) = )((Z)z(fs)

0.00 0.25

0.50

0.75

1.00 1.25 1.50 1.75

Redshift z

2.00
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Large-scale

Result: cross-correlation measurements
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Covariance

Correlation matrix

From NaMaster Gaussian

estimation
1 _,\ R R 2
Cov|ce¥| = Csslr+ ( €)
4 fay2€+ DA, [ 2

N NN NN

N

OUIRWNH
Mmmmrmirm
=

Z1E2 L

o

0.04

-0.02

-0.00

-—0.02

—0.04

Correlation
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LOW)(ZZ inhomogeneous noise of the Fermi maps?

e Fermi (Inhomogeneous)

e Noise is dominated by Poisson with
per-pixel variance following:

Var(l) ~ (Signal + Backgrounds) / Exp
e KiDS (Homogeneous)

e Shape noise

® (Gaussian covariance estimated from

NaMaster assumes isotropic noise (when
. . B
propagating the mode COUpllng) 1.58736e+11 3.11493e+11
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Results: constraints on DM parameters

95% upper bounds for thermally averaged annihilation cross-section <0annv>

For DM clumping scenarios: LOW, MID and HIGH

[ —— LOW . —— LOW
107%*f —— MID - —— MID

(OannV) [CcM? s71]

| —— LOW

- —— MID
. —— HIGH

mpm [GeV]

mpm [GeV]

27
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Results: constraints on DM parameters

95% upper bounds for decay rate | ;..

[ dec [5_1]

1024
b b
— UTUT
— TTT
10—25 X

N
_______

107%/

—_——————————_—'
"
-
-
—y mu =
i S

101

i
mpwm [GeV]
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Macro Bin 1, Energy 1.00e+03 MeV
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Macro Bin 2, Energy 2.09e+03 MeV
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UFDs selection function: image-level injection-recovery simulations

-G

Sample parameters
rh,M d,0

? p039

Image-level

[

TRILEGAL 1.6 input
foreground stars

Mock satellites
member stars

[

SKiLLS
Input galaxy

_7/

Input star
catalogue

C

Image
simulation

Source
extraction

Cross-match
with input

Estimate the

> Star-galaxy Classified
separation star catalogu

%“

[

Perfect star
catalogue

Matched-filter
method

magnitude
uncertainty

Matched-filter
method

Output star
catalogue

Matched-filter
method

Local-scale

(=

Selection
function

(=

Selection
function

-

Selection
function
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UFDs selection function: Generate mock satellites

® Prepare the injected satellites with

Param eters
Table 1. Properties of the simulated satellites
Parameter Range  Unit Sampling

Stellar Mass (M) [10,10°] Mg log
Heliocentric Distance (d) [10,10°]  kpc log
Half-light Radius (r},) [1,10°] pc log
Ellipticity (e) [0.1, 0.8] - linear
Position Angle (6,) 0, 180]  deg linear
Age (1) 12 Gyr -
Metallicity (Z) 0.0001 - -

® |nject satellites

® Draw the satellites

e Add the foreground stars (from

TRILEGAL 1.6)

Dec
o

i 1 o [
3 - ; ] '
1 ; [
g [ . I
. . L
. I
1 ¥

214

216

218

220

222
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Local substructure: UFDs detection efficiency & selection function (smoothed)
A realistic selection function is essential for interpreting the satellite census and indirect-search target samples.

log1o(rh / pC)

NN\
~

Detection efficiency map
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~
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v O
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\
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\

Sextal \\

Detectability

o
~

Leo IV "N
LeoV ¥ \\

0.2

— 0.0

Reality check: Sextans Il
Discovered within the KiDS-DR4 footprint
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log 1y, [pc]

Simulation type

® |Image-level, ideal star selection
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Local substructure: UFDs detection efficiency & selection function (binned)
A realistic selection function is essential for interpreting the satellite census and indirect-search target samples.

log1o(rh / pC)

\
SextansS)

Leo IV =

Leo

Detection efficiency map

d [10.0, 21.5] =a. . d [21.5, 46.4] < >~
~ ~ N

N SN
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\\
\
\\

VV

Simulation type
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1.0

-0.8

o
o

Detectability

o
N

0.0
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Reality check: Sextans Il
Discovered within the KiDS-DR4 footprint

log 1y, [pc]

Catalogue-level 71.3%
Image-level, ideal stars 48.7%
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Matched-filter method

e Star-galaxy separation;

e Select all stars consistent with an old, metal-poor isochrone

shifted to some distances;
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Matched-filter method

® Project the stars meet colour criteria onto the tangent plane, and bin them spatially;

e Smooth the 2D stellar density map with different sizes Gaussian kernels p;

Convolve the map with 2D top hat filter to get the local stellar density p;,.;
Psm ~ Ploc

\/ <,010c>2 - <P1%c>

Significance map: § =
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